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Abstract
String theory generically predicts the coupling between the Affleck-Dine field and axion
field through higher-dimensional operators. We thus explore the Affleck-Dine baryogene-
sis on an axion background. It turns out that the axion oscillation produces an enough
amount of baryon asymmetry of the Universe just after the inflation, even without a soft
supersymmetry-breaking A-term. This baryogenesis scenario is applicable to the string
axion inflation.
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1 Introduction
Axions are attractive fields which are not only able to solve the strong CP problem in the
standard model, but also promising candidates of dark matter and inflaton field. These axion
fields are also motivated in the consistent theory of quantum gravity such as string theory, since
a lot of axions naturally appear in the low-energy effective theory through the compactification
of extra-dimensional space. These string axions are originating from higher-form fields such
as Kalb-Ramond field, Ramond-Ramond field, and internal metric. Their gauge symmetries
require the axion potential to be flat. Thus, the string axion has a shift symmetry in the low-
energy effective theory. Although this continuous shift symmetry is non-perturbatively broken
to the discrete one, we can control the axion potential with help of the discrete shift symmetry.
In this regard, the string axion plays a role of inflaton field.
The string axion inflation models are mainly categorized as follows. When the continuous
shift symmetry is broken by the non-perturbative effects such as the world-sheet instanton,
D-brane instanton, and gaugino condensation on hidden D-branes, the natural inflation [1, 2]
and modulated natural inflation [3, 4, 5, 6] are achieved by employing the idea of alignment
mechanism [7] and loop-enhancement [2]. On the other hand, when the axionic shift symmetry
is broken by the existence of brane, the axion monodromy inflation can be realized [8, 9].1
In particular, the F -term axion monodromy inflation is also a promising candidate, which is
discussed in Refs. [11, 12] and derived in type IIB string theory with three-form fluxes [13, 14].
In any axion inflation model, the baryon asymmetry of the Universe has to be sufficiently
produced in order to be consistent with the Big-Bang Nucleosynthesis and cosmic microwave
background data.
In this paper, we focus on the baryogenesis scenario after the axion inflation with an em-
phasis on the Affleck-Dine (AD) baryogenesis scenario [15, 16]. The AD baryogenesis scenario
is interesting, since it is applicable even when there are dilution effects induced by the moduli
oscillation. In the conventional AD baryogenesis, the Hubble-induced A-term and soft super-
symmetry (SUSY) breaking A-term are taken as the complex constants. The phase differences
between them are then important to obtain an enough amount of baryon asymmetry. How-
ever, in superstring theory as well as higher-dimensional theory, these A-terms are moduli- and
axion-dependent in general. These A-terms, i.e., the Yukawa and higher-dimensional couplings,
are obtained through the integration of matter wavefunction over extra-dimensional space, and
then obtained couplings depend on the size and shape of extra dimensions, which correspond
to the moduli and axion fields from the four-dimensional point of view. Indeed, in type IIB
string theory on a toroidal background with magnetized D7-branes, n-point couplings among
the matter fields on magnetized branes depend on the axion associated with the complex struc-
ture moduli at the perturbative level [17, 18]. Furthermore, non-perturbative effects such as
the brane-instanton also generate the potential for both the axion and matter fields, where
the axion is identified with the Ka¨hler axion associated with the internal cycle of Calabi-Yau
(CY) manifold [19, 20, 21]. Similarly, Yukawa couplings and higher dimensional couplings are
also calculated, e.g. in heterotic string theory on orbifolds [22, 23, 24, 25, 26] and type IIA
intersecting D-brane models [27, 28, 29, 30]. These include world-sheet instanton effects, and
1See also Ref. [10].
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the couplings are moduli- and axion-dependent.
When the axion plays a role of inflaton field, the dynamics of the axion field would change
that of the AD field during and after the inflation. We thus explore the AD baryogenesis
on this axion-inflaton background.2 The remaining of this paper is organized as follows. We
first briefly review the conventional AD baryogenesis in Sec. 2.1. By outlining the higher-order
couplings among the matter fields in Sec. 2.2, we study the dynamics of the AD field on an axion
background after the inflation in Sec. 2.3 and during the inflation in Sec. 2.4. Finally, Sec. 3 is
devoted to the conclusion. In Appendix A, we discuss the explicit model which combines both
the axion inflation and SUSY-breaking sectors.
2 Affleck-Dine baryogenesis on an axion background
2.1 Conventional AD baryogenesis
First of all, we briefly review the conventional AD baryogenesis. In the supersymmetric stan-
dard model, the scalar potential at the renormalizable level vanishes along the flat directions
composed by squarks and sleptons in the global limit. (For details of flat directions, see, e.g.,
Ref. [16].) These flat directions are parametrized by the AD field. When the AD field (Φ) has
a baryon charge β, the baryon asymmetry can be generated by the dynamics of the AD field,
nB = iβ
(
dΦ∗
dt
Φ− Φ∗dΦ
dt
)
= 2βφ2
dθ
dt
, (1)
where Φ ≡ φeiθ and t is the cosmic time. It implies that when radial and phase directions
of the AD field have nonvanishing vacuum expectation value (VEV) and velocity, the baryon
asymmetry can be produced.
The scalar potential of the AD field is lifted by the soft SUSY-breaking and non-renormalizable
operators. In particular, the non-renormalizable superpotential term, which is invariant under
the gauge symmetries of the standard model and R-parity, can be written as follows,3
W = λ
Φn
Mn−3Pl
, (2)
where λ is the complex constant and n = 4, 5, · · · , depending on the choice of flat direction in
the supersymmetric standard model. By taking into account the SUSY-breaking effects, the
relevant Lagrangian density of the AD field is described in the following form,
√−gL = a3
[
−1
2
∂µΦ∂
µΦ∗ − V
]
, (3)
2In type IIB string theory on Calabi-Yau manifold, AD baryogenesis is considered in the context of LARGE
volume scenario [31, 32].
3AD baryogenesis with R-parity violating operators is discussed in Ref. [33].
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where g is the determinant of Friedmann-Robertson-Walker metric gµν = diag(1,−a2,−a2,−a2)
with µ, ν = 0, 1, 2, 3 and a being the scale factor. The total scalar potential of the AD field V
is described by
V = (m2Φ − cH2)|Φ|2 + |λ|2
|Φ|2(n−1)
M2n−6Pl
−
(
aHλHΦ
n
Mn−3Pl
+ h.c.
)
−
(
amλm3/2Φ
n
Mn−3Pl
+ h.c.
)
, (4)
where c and aH,m are the constants, mΦ, m3/2 and H = d ln a/dt are the soft-mass of the AD
field, gravitino mass and Hubble-parameter, respectively. The two terms including H corre-
spond to the Hubble-induced mass term and Hubble-induced A-term. As long asmΦ, m3/2 < H
during and after the inflation, the radial direction of the AD field φ becomes a nonvanish-
ing VEV, φ
(n)
min ≃
(
c1/2HMn−3Pl√
n−1|λ|
) 1
n−2
, while the phase direction of the AD field θ is fixed at
nθ ≃ −arg(aH)− arg(λ) modulo 2πZ because of the Hubble-induced A-term. When the Hub-
ble parameter decreases to the mass of φ, i.e., H ≃ mΦ, the AD field begins to oscillate around
the minimum at the time tosc ≃ m−1Φ . The phase direction of the AD field θ is kicked by the
difference between arg(aH) and arg(am). The baryon asymmetry is then produced and after
this time tosc, the baryon to entropy ratio is fixed. Eventually, we obtain a sizable amount of
baryon asymmetry of the Universe. Along the above procedure, the phase difference between
Hubble and soft SUSY-breaking A-terms is important to a nonvanishing velocity of θ. Note
that the baryon asymmetry can be also produced even without the Hubble-induced A-term,
since the quantum fluctuation of θ during and after the inflation, mΦ, m3/2 < H , triggers the
oscillation of the AD field to the direction of θ at t ≃ tosc. However, in this case, the sizable
isocurvature perturbation of θ is severely constrained by the Planck data [34] as discussed in
Refs. [35, 36, 37, 38].
So far, we have treated the n-point coupling λ and A-terms as the complex constants.
However, these are generically moduli- and axion-dependent on the basis of string theory.
Especially, when the axion field plays a role of inflaton field, the dynamics of axion-inflaton
would change that of the AD field. Following this line of thought, we aim to examine the
dynamics of the AD field with an emphasis on the coupling between the AD field and the
axion-inflaton.
2.2 The origin of higher-order coupling in string theory
Before going to the detail of the AD scenario on an axion background, we mention about the
origin of higher-order couplings in string theory.
At the perturbative level, n-point couplings for matter fields are calculated in the type
IIB string theory on the toroidal background, in particular, three factorizable tori (T 2)3. For
example, in Ref. [17], the Yukawa couplings among the matter fields are derived in the field
theoretical approach. When we consider the matter fields on magnetized D-branes, these wave-
functions are quasi-localized in the extra-dimensional space because of the magnetic fluxes Mi
on each torus (T 2)i, i = 1, 2, 3. Indeed, by computing the overlap integral among the matter
4
fields, the three-point couplings on two-torus T 2 are described by the Jacobi theta-function ϑ,
y
(3)
ijk ≃
∑
m∈ZM3
δi+j+M1m,kϑ
[
M2i−M1j+M1M2m
M1M2M3
0
]
(0, iτM1M2M3) ∝ eiϕ/f , (5)
up to a normalization factor, where ZM3 = 1, 2, · · · , |M3| with M3 = M1 +M2. Here, ϕ is a
canonically normalized axion associated with the complex structure modulus of torus τ , and f
is its decay constant.(See for the detail, Refs. [17, 18].) Furthermore, in Ref. [18], this analysis is
extended to the higher-order couplings for the matter fields. The n-point couplings are written
by the product of three-point couplings through the relation,
y
(n)
i1,i2,··· ,in =
∑
s
y
(n−1)
i1,i2,··· ,in−2s · y(3)s¯in−1in . (6)
That leads to the relation, y(n) ∼ (y(3))n−2. We remark that the magnitude of n-point couplings
is typically smaller than unity, since it is determined by the product of Yukawa couplings
among the fields in the standard model. Also, in the T-dual intersecting D-brane models,
Yukawa couplings and higher dimensional couplings are obtained through world-sheet instanton
effects in stringy calculation [27, 28, 29, 30] and they depend on the Ka¨hler moduli as well as
their axionic parts. Their stringy calculations are similar to calculations of Yukawa couplings
and higher dimensional couplings in heterotic string theory on orbifolds [22, 23, 24, 25, 26].
Moreover, in heterotic string theory on CY, the holomorphic Yukawa couplings among the
matter fields also depend on the axion associated with the complex structure moduli [39, 40]
in a similar fashion.
Next, we briefly comment on n-point couplings at the non-perturbative level through the
world-sheet instanton and brane-instanton effects [19, 20, 21]. For example, in type IIB string
theory, Euclidean brane instanton such as E3-instanton generates the non-perturbative poten-
tial for the Ka¨hler modulus T , i.e., e−2piT , where T is the modulus chiral superfield associated
with the divisor in CY. However, when another D-brane intersects with this Euclidean brane,
the charged open string modes propagating in these D-branes Φi with i = 1, 2, · · · , n appear in
the low-energy effective theory. Thus, the gauge invariance requires the superpotential in the
following form,
W ∝ e−2piTΦ1Φ2 · · ·Φn. (7)
Then, the n-point coupling among the matter fields is a function of the axion corresponding
to the imaginary part of the Ka¨hler modulus. In such a case, n-point couplings are also
suppressed by the volume of internal cycle such that the supergravity approximation is valid,
T ≫ 1. However, since the value of λ is correlated with the energy density of Φ through VAD ≃
−cH2inf |Φ|2 ≃ −cH2inf(φ(4)min)2 during the inflation, λ is bounded below by a requirement that the
energy density of the AD field does not dominate that of Universe, i.e., VAD < Vinf ≃ 3H2infM2Pl,
e.g., for n = 4,
|λ| > 8× 10−8c3/2
(
Hinf
1012GeV
)
, (8)
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and for n = 6,
|λ| > 2.1× 10−8c5/2
(
Hinf
1012GeV
)
. (9)
2.3 Dynamics of the AD field
To provide a concrete analysis, we take the following ansatz of n-point coupling of the AD
fields,
λ = |λ|eiϕ/f , (10)
where ϕ is the axion-inflaton with f being its decay constant. Here, we assume that the
other closed and open string moduli are heavier than the axion-inflaton and then they are set
as the vacuum expectation values, otherwise other moduli fields would destroy the successful
axion inflation. This assumption is justified for the specific axion inflation model discussed in
Appendix A. The absolute value of moduli-dependent coupling |λ| is thus set as the constant.
By taking into account the SUSY-breaking effects, the potential of the AD field is described as
V = (m2Φ − cH2)|Φ|2 + |λ|2
|Φ|2(n−1)
M2n−6Pl
− 2|aH ||λ|H|Φ|
n
Mn−3Pl
cos
(
nθ + arg(aH) +
ϕ
f
)
− 2|am||λ|m3/2|Φ|
n
Mn−3Pl
cos
(
nθ + arg(am) +
ϕ
f
)
,
(11)
with aH(m) = |aH(m)|eiarg(aH(m)). Then, as long as mΦ, m3/2 ≪ H during and after the inflation,
the minimum of the AD field, in particular, θ depends on the axion-inflaton,
φ
(n)
min ≃
(
c1/2HMn−3Pl√
n− 1|λ|
) 1
n−2
≃
(
α(n)Mn−3Pl
t|λ|
) 1
n−2
,
nθmin ≃ −ϕ
f
− arg(aH) + 2lπ, (12)
where α(n) =
√
4c/9(n− 1) and l ∈ Z. Here and in what follows, the energy density of the
Universe is assumed to be dominated by that of inflaton, i.e., H ≃ 2/(3t). When the axion-
inflaton begins to oscillate around the minimum, the axion potential is well described in the
quadratic form, Vinf ≃ 12m2infϕ2, where minf is the mass of the axion-inflaton. In this era, the
axion-inflaton behaves as
ϕ(t) ≃
√
8
3
MPl
minft
sin(minft). (13)
Therefore, the time-dependent axion motion would lead to the nonvanishing velocity of θ. It
implies that the axion oscillation gives rise to the baryon asymmetry of the Universe in this
epoch.
To justify our statement, we first analyze the dynamics of the AD field with n = 4 in
Sec. 2.3.1 and n = 6 in Sec. 2.3.2 after the inflation. The dynamics of the AD field during the
inflation will be discussed in Sec. 2.4, where we specify the axion-inflation scenario.
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2.3.1 Model 1 (n = 4)
In this section, we study the dynamics of the AD field which couples with the axion through
the 4-point coupling λ. First of all, we analytically solve the dynamics of the AD field after the
inflation, m3/2, mΦ < H < Hinf . In this era, the axion-inflaton oscillates around the minimum
and it behaves as in Eq. (13). On this axion background, we solve the equations of motion for
the AD field, χ = |Φ|(φ(n=4)min )−1 and θ = arg(Φ), where φ(n=4)min ≃
(
α(n=4)MPl
t|λ|
)1/2
is the minimum
of radial direction of the AD field after the inflation, m3/2, mΦ < H . In the axion oscillating
era, m3/2, mΦ < H , the scalar potential is approximately given by
V ≃ −cH2|Φ|2 + |λ|2 |Φ|
2(n−1)
M2n−6Pl
− 2|aH ||λ|H|Φ|
n
Mn−3Pl
cos
(
nθ + arg(aH) +
ϕ
f
)
, (14)
and then the equations of motion for χ and θ reduce to be
χ¨−
(
8
9
c+
1
4
)
χ− (θ˙)2χ+ 8
9
cχ5 − 16
3
|aH |α(n=4)χ3 cos(nθ − nθmin) = 0,
θ¨ + 2
χ˙
χ
θ˙ +
16
3
|aH |α(n=4)χ2 sin(nθ − nθmin) = 0. (15)
Throughout this paper, the dot denotes the derivative with respect to a variable z = ln(minft).
Since there is no damping term for χ in Eq. (15), χ just oscillates around the minimum
χmin. To solve the dynamics of θ analytically, we assume that χ settles into the minimum χmin
and on this hypersurface χ = χmin, the equation of motion of θ is approximately given by
θ¨ +
16
3
|aH |α(n=4) sin(nθ − nθmin) = 0. (16)
Furthermore, in the regime z ≫ 1 (t ≫ m−1inf ), θmin is negligible. Therefore, the equation of
motion of θ can be rewritten as
θ¨ +
16
3
|aH |α(n=4) sin(nθ) = 0. (17)
This equation can be solved in terms of an elliptic function sn(z),
sn−1 [sin(2θ(z))]− sn−1 [sin(2θ(z = 0))] =
(
±2
√
E +
16
3n
|aH |α(n=4)
)
z, (18)
with
E =
1
2
(
dθ
dz
)2 ∣∣∣∣
z=0
−4
3
|aH |α(n=4) cos(nθ(z = 0)). (19)
As a result, θ has a nonvanishing velocity
dθ
dz
=
√
2E +
8
3
|aH |α(n=4) cos(nθ), (20)
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which becomes the constant. Then, dθ/dt decreases with the inverse of cosmic time t. The
nonvanishing velocity of θ gives rise to the baryon asymmetry of the Universe in the regime
m3/2, mΦ < H ,
nB = 2β|Φ|2dθ
dt
≃ 2βχ2min(φ(n=4)min )2t−1
√
2E +
8
3
|aH |α(n=4) cos(nθ)
= 2βχ2min
α(n=4)MPl
|λ| t
−2
√
2E +
8
3
|aH |α(n=4) cos(nθ). (21)
Next, let us solve the dynamics of the AD field after the oscillating time of φ, i.e., tosc ≃ m−1Φ .
During mΦ, m3/2 > H , the scalar potential is approximately given by
V ≃ m2Φ(φ)2 −
|am||λ|m3/2φ4
MPl
cos
(
4θ + arg(am) +
ϕ
f
)
, (22)
and the equation of motion of φ reduces in the regime φ≪ 1,
d2φ
dt2
+ 3H
dφ
dt
− φ
(
dθ
dt
)2
+
∂V
∂φ
≃ d
2φ
dt2
+
2
t
dφ
dt
+ 2m2Φφ = 0, (23)
with H = 2/(3t). Here, we further employ the following approximation
mΦ ≫
∣∣∣∣dθdt
∣∣∣∣ = t−1
∣∣∣∣dθdz
∣∣∣∣ , (24)
with dθ/dz in Eq. (20). This approximation is valid after the oscillation of the AD field, i.e.,
treh > t > tosc ≃ m−1Φ , unless we take the large initial velocity of θ at the end of inflation. (We
can confirm this assumption in our numerical calculation.) Thus, we can solve the equation of
motion of φ in Eq. (23) by employing the virial theorem. The solution behaves as
φ ≃
(
c1/2mΦMPl√
3|λ|
)1/2
sin(mΦt)
mΦt
, (25)
where we take φ(t = tosc) ≃
(
c1/2mΦMPl√
3|λ|
)1/2
.
Let us next take a closer look at the equation of motion of θ,
d2θ
dt2
+ 3H
dθ
dt
+ 2φ−1
dφ
dt
dθ
dt
+ φ−2
∂V
∂θ
≃ d
2θ
dt2
+ 2mΦcot(mΦt)
dθ
dt
+ 8
|am||λ|m3/2φ2
MPl
sin
(
4θ + arg(am) +
ϕ
f
)
≃ d
2θ
dt2
+ 2mΦcot(mΦt)
dθ
dt
= 0, (26)
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which is valid in the regime φ ≪ 1. Thus, it turns out that the velocity of θ is considered to
be constant during tosc < t < treh with treh being the time at the reheating,
dθ
dt
∣∣∣∣
t=treh
≃
(
sin(mΦtreh)
sin(mΦtosc)
)−2
dθ
dt
∣∣∣∣
t=tosc
≃ dθ
dt
∣∣∣∣
t=tosc
. (27)
When the phases of A-terms, arg(aH) and arg(am), are different from each other, dθ/dt
at t ≃ tosc depends on them in a way similar to the conventional AD baryogenesis. However,
in this paper, we assume arg(aH) = arg(am) in contrast to the conventional one as discussed
in Appendix A, in which we determine the phases of the A-terms by taking into account
the explicit moduli stabilization with the axion inflation. We stress that even in this case
arg(aH) = arg(am), the baryon asymmetry of the Universe is sufficiently produced as shown in
Eq. (21).
Along the above procedure, we find
a3nB = 2βa
3φ2
dθ
dt
= const., (28)
during tosc < t < treh and the baryon to entropy ratio is fixed at t ≃ tosc. As a result, the baryon
to entropy ratio at the reheating temperature is obtained by employing the result of Eq. (21),
nB
s
=
1
s(treh)
(
a(tosc)
a(treh)
)3
nB(tosc) ≃ 9
16
Treh
m2φM
2
Pl
nB(tosc)
≃ 9
8
Treh
|λ|MPlα
(n=4)βχ2minmax
{
m−1inf
dθ
dt
∣∣∣∣
t=tend
,
√
8α(n=4)|aH |
3
∣∣cos(nθ(tosc))− cos(nθ(tend))∣∣
}
.
(29)
When the velocity of θ is much larger than unity in the unit of inflaton mass, the baryon
asymmetry is proportional to the velocity of θ at the end of inflation,
nB
s
≃ 1.8× 10−10
(
Treh
106GeV
)(
10−3
|λ|
)
βc1/2χ2min ×
(
m−1inf
dθ
dt
∣∣∣∣
t=tend
)
. (30)
As discussed in Sec. 2.2, the n-point coupling λ is typically much smaller than unity in the string
setup. This small λ not only enhances the amount of baryon asymmetry but also suppresses
the thermal corrections for the AD field [16, 41, 42].
To conform our analytical solution, we numerically solve the dynamics of the AD field after
inflation. In Fig. 1, we draw the trajectories of (χR = Reχ, χI = Imχ) and m
−1
inf
dθ
dt
as a function
of z by setting the illustrative parameters:
|λ| = 10−3, c = 9
4
, β = 1, |aH | = 1
8
, f = 4× 1015[GeV], (31)
and the initial conditions of the AD field:
|χ|∣∣
t=tend
= 1, θ
∣∣
t=tend
= θmin
∣∣
t=tend
,
d|χ|
dt
∣∣∣∣
t=tend
= 0, m−1inf
dθ
dt
∣∣∣∣
t=tend
=
dθ
dz
∣∣∣∣
t=tend
= 2,
(32)
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which correspond to the initial conditions of (χR, χI) as
χR = cos(−250 sin(1)) ≃ −0.99, χI = sin(−250 sin(1)) ≃ −0.11,
χ˙R = 2 sin(−250 sin(1)) ≃ −0.24, χ˙I = −2 cos(−250 sin(1)) ≃ 1.99. (33)
As shown in the right panel in Fig. 1, the numerical and analytical solutions are well consistent
in the limit of z ≫ 1, where z ≃ 16(21) corresponds to the low(high)-scale SUSY breaking
mΦ ≃ 103(105)GeV. Although we now adopt the nonvanishing velocity of θ at the end of
inflation, we find that θ has a sizable velocity even when the initial velocity of the AD field
becomes zero.
In Fig. 2, we show the baryon to entropy ratio nB/s at the reheating Treh = 10
6[GeV] as a
function of mass of the AD field mΦ[GeV] by setting the same parameters in Fig. 1. It turns
out that the analytical formula of baryon asymmetry in Eq. (29) is well consistent with the
numerical one without depending on the value of initial velocity of θ and the mass of the AD
field. In particular, as shown in the left panel in Fig. 2, the baryon asymmetry is sufficiently
produced even when the initial velocity of θ is set to be zero. Furthermore, Fig 3 also shows
the numerical estimation of the baryon to entropy ratio nB/s at the reheating Treh = 10
6[GeV]
as a function of θ˙(0) = m−1inf
dθ
dt
∣∣
t=tend
by setting mΦ = 10
3[GeV] and the same parameters and
initial conditions in Fig. 1. This figure indicates that nB/s is proportional to the velocity of θ
when θ˙(0)≫ 1 as confirmed in the analytical one in Eq. (30).
From the analytical estimation of the baryon asymmetry, the baryon asymmetry is inde-
pendent of the decay constant of the axion-inflaton. However, the velocity of θ at the end of
inflation is sensitive to this decay constant in our numerical calculation. We will come back
this point in Sec. 2.4 where the dynamics of the AD field is studied during the axion inflation.
So far, when the AD field oscillates around the minimum at t ≃ tosc, we have assumed that
the energy density of the Universe is dominated by the oscillation of the axion-inflaton. This
assumption is valid only if the reheating temperature satisfies the following inequality,
Treh <
(
90
π2g∗
)1/4√
mΦMPl ≃ 2.2× 1011GeV
( mΦ
105GeV
)1/2
, (34)
where g∗ ≃ 915/4 is the effective degree of freedom at the reheating for the minimal supersym-
metric standard model. Furthermore, oscillating time of the AD field should be earlier than the
time at the reheating treh ≃ 1/Γdec with the total decay width of inflaton Γdec, i.e., tosc < treh.
This situation can be achieved under
10−3
(
103GeV
mΦ
)
< 2.4× 106
(
90
π2g∗
)−1/2(
106GeV
Treh
)2
, (35)
and our illustrative parameters satisfy the above conditions in Eqs. (34) and (35).
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Figure 1: The dynamics of the AD field for n = 4. In the left panel, we draw the trajectories of
(χR,χI) as a function of z = ln(minft) with minf = 10
12[GeV], whereas, in the right panel, the
black solid (dotted) curve corresponds to the numerical (analytical) solution of m−1inf |dθ/dt| with
respect to the same z. In both panels, we set the same initial conditions for (χR, χI) satisfying
Eq. (33) and the parameters given in Eq. (31).
Figure 2: The baryon to entropy ratio nB/s at the reheating Treh = 10
6[GeV] as a function
of mass of the AD field mΦ[GeV]. In both panels, the black solid and blue dotted curves
represent the numerical and analytical solutions with χmin = 1 in Eq. (29) by setting the same
parameters as in Fig. 1. In the left panel, we set the initial conditions at the end of inflation
as (|χ|, θ) = (χmin, θmin) and ( ˙|χ|, θ˙) = (0, 0), whereas, in the right panel, the initial conditions
for the AD field are the same as in Fig. 1.
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Figure 3: The baryon to entropy ratio nB/s at the reheating Treh = 10
6[GeV] as a function of
θ˙(0) = m−1inf
dθ
dt
∣∣
t=tend
. The blue curve corresponds to the numerical solution within the range
1 ≤ θ˙(0) ≤ 103 by setting mΦ = 103[GeV], and the other parameters and initial conditions are
the same as in Fig. 1.
2.3.2 Model 2 (n = 6)
In this section, we study the dynamics of the AD field which couples with the axion through the
6-point coupling λ. In the same way with Sec. 2.3.1, we first analytically solve the dynamics
of the AD field after the inflation, m3/2, mΦ < H < Hinf . In this era, the axion-inflaton
oscillates around the minimum and it behaves as in Eq. (13). On this axion background, we
solve the equations of motion for the AD field, χ = |Φ|(φ(n=6)min )−1 and θ = arg(Φ), where
φ
(n=6)
min ≃
(
α(n=6)M3Pl
t|λ|
)1/4
is the minimum of radial direction of the AD field after the inflation,
m3/2, mΦ < H . In the axion oscillating era, m3/2, mΦ < H , the equations of motion for χ and
θ are given in terms of a variable z = ln(minft),
χ¨+
1
2
χ˙−
(
8
9
c +
3
16
)
χ− (θ˙)2χ + 8c
9
χ9 − 8|aH|α(n=6)χ5 cos(6θ − 6θmin) = 0,
θ¨ +
θ˙
2
+ 2
χ˙
χ
θ˙ + 8|aH |α(n=6)χ4 sin(6θ − 6θmin) = 0. (36)
Then, χ and θ are damped toward their minima. Around the minimum θmin, we expand the
solution as
θ = θmin + δθ, (37)
and the equation of motion of χ is then simplified at the linear order of δθ,
d2χ
dz2
+
1
2
dχ
dz
− χ
(
8
9
c+
3
16
− 8c
9
χ8 + 8|aH |α(n=6)χ4
)
= 0. (38)
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Here, we drop the term (θ˙)2χ, since θ˙ decreases with time as confirmed later. From Eq. (38),
χ has the fixed point:
χ4∗ =
72|aH |α(n=6) +
√
5184(|aH|α(n=6))2 + 2c(27 + 128c)
16c
. (39)
At the fixed point χ = χ∗, θ obeys the following equation around the minimum θmin,
θ¨ +
θ˙
2
+ 48|aH|α(n=6)χ4∗(θ − θmin) = 0, (40)
where there is no damping term χ˙/χ. Furthermore, by omitting the term θmin ∝ e−z in the
regime z ≫ 1, the equation of motion of θ is rewritten
θ¨ +
θ˙
2
+ 48|aH |α(n=6)χ4∗θ = 0, (41)
and it can be solved as
θ(z) = e−z/4
[
θ(0)cosh(pz/4) + p−1
(
θ(0) + 4θ˙(0)
)
sinh(pz/4)
]
, (42)
with p =
√
5−512|aH |χ4min
√
5c
5
. It turns out that θ has a nonvanishing velocity in this era, tend <
t < tosc,
dθ
dt
= t−1
dθ
dz
= m
−1/4
inf t
−5/4
[(
θ(0) + 4θ˙(0)
4
)
cosh(pz/4) +
pθ˙(0)
4
sinh(pz/4)
]
, (43)
and the produced baryon asymmetry is estimated as
nB = 2βφ
2dθ
dt
≃ 2β(φ(n=6)min χ(t))2
dθ
dt
≃ 2β
(
α(n=6)M3Pl
|λ|
)1/2
m
−1/4
inf t
−7/4χ2∗
[(
θ(0) + 4θ˙(0)
4
)
cosh(pz/4) +
pθ˙(0)
4
sinh(pz/4)
]
.
(44)
Next, we focus on the dynamics of the AD field after the oscillation of the AD field, i.e.,
tosc < t < treh. In a way similar to the discussion in Sec. 2.3.1, φ decreases with the inverse of
cosmic time t, and θ just oscillates around the minimum. The velocity of θ is also determined
at t ≃ tosc, since the equation of motion of θ after the time tosc is almost the same as in the
case of n = 4 in Sec. 2.3.1.
As mentioned before, we now assume arg(aH) = arg(am) in contrast to the conventional AD
scenario. In Appendix A, this situation is derived in the explicit moduli stabilization scenario
compatible with the axion inflation. We stress that even in this case arg(aH) = arg(am), the
baryon asymmetry of the Universe is sufficiently produced as shown in Eq. (44). Along the
above procedure, we find
a3nB = 2βa
3φ2
dθ
dt
= const., (45)
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during tosc < t < treh and the baryon to entropy ratio is fixed at t ≃ tosc. We conclude that the
baryon to entropy ratio at the reheating temperature is determined by the result of Eq. (44),
nB
s
∣∣∣∣
reh
=
1
s(treh)
(
a(tosc)
a(treh)
)3
nB(tosc) ≃ 9
16
Treh
m2φM
2
Pl
nB(tosc)
≃ 9
8
β
Treh
M
1/2
Pl
(
α(n=6)
|λ|
)1/2
m
−1/4
inf m
−1/4
Φ χ
2
∗
[(
θ(0) + 4θ˙(0)
4
)
cosh(pzosc/4) +
pθ˙(0)
4
sinh(pzosc/4)
]
≃ 7.1× 10−10βc1/4
(
Treh
102GeV
)(
10−5
|λ|
)1/2(
1012GeV
minf
)−1/4(
105GeV
mΦ
)−1/4
χ2∗
×
[(
θ(0) + 4θ˙(0)
4
)
cosh(pzosc/4) +
pθ˙(0)
4
sinh(pzosc/4)
]
. (46)
Finally, we numerically solve the equation of motion of the AD field given by Eq. (36).
In Fig. 4, we draw the trajectories of (χR = Reχ, χI = Imχ) and m
−1
inf
dθ
dt
as a function of
z = ln(minft) with minf = 10
12[GeV] by setting the illustrative parameters:
|λ| = 10−3, c = 9
4
, β = 1, |aH | = 1, f = 4× 1015[GeV], (47)
and the initial conditions of the AD field:
|χ|∣∣
t=tend
= 1, θ
∣∣
t=tend
= θmin
∣∣
t=tend
,
d|χ|
dt
∣∣∣∣
t=tend
= 0, m−1inf
dθ
dt
∣∣∣∣
t=tend
=
dθ
dz
∣∣∣∣
t=tend
= 2,
(48)
which correspond to the initial conditions of (χR, χI) as
χR = cos
(
−1000
6
sin(1)
)
≃ −0.43, χI = sin
(
−1000
6
sin(1)
)
≃ −0.9,
χ˙R = 2 sin
(
−1000
6
sin(1)
)
≃ −1.81, χ˙I = −2 cos
(
−1000
6
sin(1)
)
≃ −0.86. (49)
As shown in the right panel in Fig. 4, the numerical and analytical solutions are well consistent
in the limit of z ≫ 1, where z ≃ 16(21) corresponds to the low(high)-scale SUSY breaking
mΦ ≃ 103(105)GeV. Although we now adopt the nonvanishing velocity of θ at the end of
inflation, we find that θ has a sizable velocity even when the initial velocity of the AD field
becomes zero.
With the same parameters in Fig. 4, we show the baryon to entropy ratio nB/s at the
reheating Treh = 10
2[GeV] as a function of mass of the AD field mΦ[GeV] in Fig. 5. It turns out
that the analytical formula of baryon asymmetry in Eq. (46) is well consistent with the numerical
one without depending on the value of initial velocity of θ. In particular, as shown in the left
panel in Fig. 5, the baryon asymmetry is sufficiently produced even when the initial velocity
of θ is set to be zero. Furthermore, Fig 6 also shows the numerical estimation of the baryon
14
to entropy ratio nB/s at the reheating Treh = 10
2[GeV] as a function of θ˙(0) = m−1inf
dθ
dt
∣∣
t=tend
by
setting mΦ = 10
5[GeV] and the same parameters and initial conditions in Fig. 4. This figure
indicates that nB/s is proportional to the velocity of θ when θ˙(0) ≫ 1 as confirmed in the
analytical one in Eq. (46).
In a way similar to Sec. 2.2, the analytical formula of the baryon asymmetry is independent
of the decay constant of axion-inflaton. However, the velocity of θ at the end of inflation is
sensitive to this decay constant in our numerical calculation. Thus, we explore the dynamics
of the AD field during the inflation in Sec. 2.4.
Figure 4: The dynamics of the AD field for n = 6. In the left panel, we draw the trajectories of
(χR,χI) as a function of z = ln(minft) with minf = 10
12[GeV], whereas, in the right panel, the
black solid (dotted) curve corresponds to the numerical (analytical) solution of m−1inf |dθ/dt| with
respect to the same z. In both panels, we set the same initial conditions for (χR, χI) satisfying
Eq. (49) and the parameters given in Eq. (47).
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Figure 5: The baryon to entropy ratio nB/s at the reheating Treh = 10
2[GeV] as a function
of mass of the AD field mΦ[GeV]. In both panels, the black solid and blue dotted curves
represent the numerical and analytical solutions with χmin = 1 in Eq. (46) by setting the same
parameters as in Fig. 4. The damping of baryon asymmetry is well fitted with the red curves,
1.3 × 10−7− 14 ln10(mΦ/GeV) in the left panel and 9.2 × 10−8− 14 ln10(mΦ/GeV) in the right panel, as
expected in the analytical formula (46). In the left panel, we set the initial conditions at the
end of inflation as (|χ|, θ) = (χmin, θmin) and ( ˙|χ|, θ˙) = (0, 0), whereas, in the right panel, the
initial conditions for the AD field are the same as in Fig. 4.
Figure 6: The baryon to entropy ratio nB/s at the reheating Treh = 10
2[GeV] as a function of
θ˙(0) = m−1inf
dθ
dt
∣∣
t=tend
. The blue curve corresponds to the numerical solution within the range
1 ≤ θ˙(0) ≤ 104 by setting mΦ = 105[GeV], and the other parameters and initial conditions are
the same as in Fig. 1.
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2.4 Axion inflation
The results of previous sections 2.2 and 2.3 indicate that the obtained baryon asymmetry
depends on the velocity of θ just after the inflation. To estimate the dynamics of the AD
field, we first consider the axion monodromy inflation [8, 9]. The scalar potential of canonically
normalized axion-inflaton ϕ is
V = VAD(ϕ,Φ) + Vinf(ϕ), (50)
where VAD is the scalar potential of the AD field in Eq. (14) and
Vinf(ϕ) = Λϕ
q. (51)
Here, Λ is the real constant and q is the rational number depending on the model [43]. By
solving the equation of motion for the inflaton field in the slow-roll regime,
d2ϕ
dt2
+ 3H
dϕ
dt
+
∂V
∂ϕ
≃ 3Hdϕ
dt
+
∂Vinf
∂ϕ
= 0, (52)
the axion-inflaton behaves as
ϕ(t)−
q
2
+2 ≃ ϕ(t = 0)− q2+2 − q
√
Λ
3
t. (53)
As discussed in Ref. [16], the radial direction of the AD field φ quickly settles into the minimum,
φ
(n)
min ≃
(
c1/2HMn−3Pl√
n−1|λ|
) 1
n−2
. By contrast, the minimum of θ given by Eq. (12) gradually decreases
with time, when the decay constant f is larger than the order of Planck scale. In such a case,
the velocity of θ is roughly estimated as
dθ
dt
≃ dθmin
dt
≃ 1
nf
dϕ
dt
≃ − q
nf
√
Λ
3
ϕ
q
2
−1. (54)
On the other hand, for f < O(MPl), θ would not move along the minimum θmin, since θmin
quickly moves.
To analyze the dynamics of θ during the inflation, we thus numerically solve the following
equation of motion on the hypersurface φ = φ
(n)
min,
d2θ
dt2
+ 3H
dθ
dt
+ 2(φ
(n)
min)
−1dφ
(n)
min
dt
dθ
dt
+ (φ
(n)
min)
−2∂V
∂θ
= 0, (55)
with an emphasis on q = 2 in Eq. (51) and n = 4, 6. Note that the above equation is independent
of λ. Although the cosmological observables predicted in the axion inflation with q = 2 is
disfavored by the Planck data, we focus on this case for our illustrative purposes. Indeed,
the behavior of the AD field for the axion monodromy inflation with other q is similar to the
q = 2 case. We thus set the parameters in the scalar potential in Eq. (51) such that the power
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spectrum of curvature perturbation Pξ and its spectral tilt ns are consistent with the Planck
data,
Pξ =
V
24π2M4Plǫ
≃ 2.2× 10−9, ns = 1 + 2η − 6ǫ ≃ 0.96, (56)
where ǫ and η are the slow-roll parameters:
ǫ =
M2Pl
2
(
∂ϕV
V
)2
, η = M2Pl
(
∂ϕ∂ϕV
V
)
. (57)
Then, we find thatH ≃ √Λ
(
14− 2
√
Λt√
3
)
with Λ = 2.4×10−11 in theMPl = 2.4×1018 [GeV] = 1
unit.
By setting the parameters c = 9/4 and |aH | = 1, we plot the velocity of θ at the end of
inflation as a function of axion decay constant f in Fig. 7. This figure shows that θ has a
sizable velocity in the unit of inflaton mass minf ≃ 1.7 × 1013GeV at the end of inflation for
both n = 4 and n = 6 cases. Here, we mainly work with the value of decay constant within
the range 10−2 ≤ f ≤ 1 in the MPl = 1 unit, since the typical string theory predicts such a
rage of decay constant [44, 45, 46]. The trans-Planckian axion decay constant is required to
consider the alignment mechanism [7]. From the numerical simulation, the velocity at the end of
inflation inversely decreases with the decay constant of axion-inflaton f when f & O(10−1MPl),
which is well consistent with the analytical estimation in Eq. (54). Finally, we comment on
the isocurvature perturbation of θ during the inflation. Since the phase direction of the AD
field has the mass of the Hubble-scale during the inflation, its isocurvature perturbation can
be suppressed [35, 36, 37, 38].
Although the previous result is concentrated on the axion monodromy inflation with quadratic
form so far, this AD mechanism is applicable to other string axion inflation models through
the axion-dependent higher-dimensional operators. Especially, the aligned natural inflation is
discussed in Appendix. A.
3 Conclusion
We have studied the AD baryogenesis on an axion background which is suggested by higher-
dimensional theories and string theories. In contrast to the conventional AD scenario, the
phase of A-terms and non-renormalizable operators are generically axion dependent as shown
in perturbative computations and non-perturbative calculations due to the instanton effects in
superstring theory. By taking into account such an axionic coupling, it is found that the axion
oscillation induces the oscillation of the phase direction of the AD field and consequently the
baryon asymmetry of the Universe is sufficiently produced just after the axion oscillation. In
particular, we estimate the baryon asymmetry analytically and numerically in two scenarios
where the power of non-renormalizable operators is 4 in Sec. 2.3.1 and 6 in Sec. 2.3.2.
In this paper, we focus on the situation that the axion plays a role of inflaton field such
as the (modulated) natural inflation [1, 2, 3, 4, 5, 6], axion monodromy inflation [8, 9], and
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Figure 7: The velocity of θ at the end of inflation as a function of decay constant of axion-
inflaton f in the left panel with n = 4 and right panel with n = 6. In both panels, we set the
parameters: c = 9/4 and |aH | = 1. When f & O(10−1MPl), the numerical values are well fitted
with the curves, 0.2× 10− ln10(f/MPl) in the left panel and 0.13× 10− ln10(f/MPl) in the right panel
as expected in the analytical formula (54).
F -term axion monodromy inflation [11, 13, 14]. In Appendix A, the potential of the AD field
is derived in the case of aligned natural inflation by including the relevant axionic couplings.
Our mechanism is applicable to the inflation models with low-reheating temperature as recently
discussed in Refs. [47, 48, 49]. Furthermore, our scenario is also applicable to other string axion
and axion-like particles, which are not the inflaton, but oscillate around the minimum before
the oscillating time of the AD field.
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A Explicit models
In the following, we derive the potential of the AD field by setting a specific axion inflation
scenario. In particular, we discuss the dynamics of the AD field in the case of aligned natural
inflation based on a string-inspired model along the line of Ref. [50], where the low-scale SUSY-
breaking and high-scale inflation are realized simultaneously. (See also, Ref. [51], in which the
realization of low-scale SUSY-breaking and high-scale inflation is discussed in the framework
of five-dimensional supergravity.)
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A.1 Inflaton potential
To achieve the aligned natural inflation, we consider the following Ka¨hler potential and super-
potential4,
K =
2∑
i=1
[
− ln(Ti + T¯i) + Zi(T + T¯ )|Xi|2
]
,
W =
2∑
i=1
m2iXi
(
e−aiT1−biT2 − λi
)
, (58)
where Xi are the matter fields with Ka¨hler metrics Zi and Ti correspond to certain moduli
fields such as Ka¨hler moduli in type IIB string setup. Such a superpotential can be induced
by the world-sheet instantons and/or D-brane instantons and the matter fields play a role of
stabilizer fields. Note that the parameters mi, λi can be chosen as the real constants under the
field redefinitions of X1,2 and T1,2.
From the scalar potential constructed by the Ka¨hler potential and superpotential in Eq. (58),
the fields are stabilized at the supersymmetric Minkowski minimum:
X1 = X2 = 0,
T1,0 =
b2 lnλ1 − b1 lnλ2
a2b1 − a1b2 ,
T2,0 =
a2 lnλ1 − a1 lnλ2
b2a1 − b1a2 , (59)
at which the superpotential vanishes. Thus, this potential is irrelevant to the SUSY-breaking
and at the moment, we concentrate on these moduli and stabilizer fields.
As discussed in Ref. [50], for simplicity, we assume that λ2m
2
2 ≫ λ1m21 such that one
linear combination of moduli fields a2T1 + b2T2 is heavier than its orthogonal combination. By
redefining the moduli fields as
T1 = T1,0 + b2T + a2T˜ ,
T2 = T2,0 − a2T + b2T˜ , (60)
T˜ can be stabilized at T˜ = 0 because of the large supersymmetric mass. On the other hand,
T becomes lighter than T˜ and its scalar potential is extracted on the hypersurface T˜ = X1 =
X2 = 0,
V =
λ21m
4
1e
−δt[cosh(δt)− cos(δψ)]
2(T1,0 + b2t)(T2,0 − a2t) , (61)
where T = t+iψ and δ = a1b2−a2b1. The saxion t becomes heavier than the axion ψ at the min-
imum between two poles t = −T1,0/b2 and t = T2,0/a2 and consequently axion can be identified
4In this appendix, we employ the reduced Planck unit MPl = 2.4× 1018GeV = 1.
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with the axion-inflaton. By canonically normalizing the axion ϕ ≡ √2b22KT1T¯1 − 2a22KT2T¯2ψ,
the potential of axion-inflaton is the form of natural inflation:
Vinf = A
[
1− cos
(
ϕ
f
)]
, (62)
where A is the constant determined by the saxion and heavy modulus field, and the decay
constant of axion-inflaton f =
√
2b22KT1T¯1 − 2a22KT2T¯2/δ is enhanced to be the trans-Planckian
value by tuning δ ≪ 1 through the alignment mechanism [7]. Finally we comment on the
dynamics of saxion field. After the inflation, the saxion also oscillates around the minimum in
a fashion similar to the axion-inflaton as discussed in Ref. [51], and both fields decay into the
particles in the standard model. When both fields couple with the gauge bosons through the
gauge kinetic function for the case of Ka¨hler modulus T , they mainly decay into them at the
same decay time.
A.2 Potential for the AD field
In the following, we derive the relevant potential of the AD field in Eq. (11) specifying the
coupling between the AD field and inflaton field step by step.
• Negative Hubble-induced mass
First, we study the negative Hubble-induced mass of the AD field. To achieve the AD
baryogenesis on an axion background, the AD field should have the negative Hubble-induced
mass, otherwise the radial direction of the AD field does not obtain the nonvanishing VEV
during the inflation and the baryon asymmetry has been never produced. As the potential of
the AD field, we add the following Ka¨hler potential to Eq. (58),
K = Z(T + T¯ )|Φ|2 +
2∑
i=1
ci(T + T¯ )|Xi|2|Φ|2, (63)
where Z(T + T¯ ) is the Ka¨hler metric of the AD field and ci(T + T¯ ) denote the positive moduli-
dependent constants. During the inflation, the mass squared of the AD field is estimated as
V ≃ eKKX1X¯1 |DX1W |2 = eK
|DX1W |2
KX1X¯1
≃ Vinf +
(
Z − c1
Z1
)
Vinf |Φ|2 +O(|Φ|4), (64)
from which the AD field has the negative Hubble-induced mass when Z < c1/Z1. Although
certain constraints are pointed out to implement both the inflation and AD baryogenesis in
Refs. [52, 53, 54, 55], it is only applicable to the model where the Hubble-induced mass is
generated from the nonvanishing F -term of inflaton field. However, in our model, the negative
Hubble-induced mass is achieved by the nonvanishing F -term of the stabilizer field in contrast
to that of inflaton field as discussed in Refs. [52, 53, 54, 55].
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• Hubble-induced A-term
Next, we derive the Hubble-induced A-term by adding the following superpotential of the
AD field,
WAD =
(
λ+ λ′X1 + λ
′′
X
)
Φn, (65)
where λ, λ′, λ
′′
represent the axion dependent functions as outlined in Sec. 2.2; X is the SUSY-
breaking field as detailed below. Such non-renormalizable operators are expected to be induced
by the D-brane instanton effects and they depend on the stabilizer field to derive the Hubble-
induced A-term. From the above coupling, the Hubble-induced A-term is estimated as [58, 59],
aH ≃ −H−1FX1∂X1 ln (λ+ λ′X1) ≃ −H−1FX1
λ′
λ
∼ λ
′
λ
, (66)
which is the same order as Eq. (11) presented in Sec. 2.5 Note that the phase of Hubble-induced
A-term is determined by those of λ′ and λ.
• Soft scalar mass
We turn to the soft terms of the AD field after the inflation. The discussed inflation sector
does not break the SUSY at the minimum. To realize the SUSY-breaking at the vacuum, let
us consider the SUSY-breaking sector with the following Ka¨hler potential and superpotential,
W = w + µX,
K = Z(1)|X|2 − Z
(2)
Λ2∗
|X|4 + Z(3)|X|2|Φ|2, (67)
where Z(i) with i = 1, 2, 3 are the moduli dependent functions; w is the complex constant; µ
can be chosen as real by the phase rotation of X ; X denotes the SUSY-breaking field; and the
four-point coupling of X in the Ka¨hler potential is expected to appear from loop-corrections
at the dynamical scale Λ∗ [56, 57]. The SUSY-breaking field has then the nonvanishing (real)
F -term FX ≃ −eK/2 µ
Z(1)
at the minimum X ≪ 1. During and after the inflation, X is also
settled into the minimum X ≪ 1, where the tiny expectation value of X is achieved by the tiny
Λ in the MPl unit. Thus, one can neglect the oscillation of X during and after the inflation.
Furthermore, when the four-point interaction between the AD field and X exists in the
Ka¨hler potential, the canonically normalized AD field has the soft scalar mass at the tree-
level [58, 59],
m2Φ ≃ m23/2 − FXF X¯
Z(3)
Z
, (68)
which is close to the gravitino mass. Even if the AD field does not couple with the SUSY-
breaking field, the soft scalar mass is induced by the anomaly mediation [60, 61]. Note that
the soft scalar mass of the AD field should be much smaller than the Hubble-scale during the
5Now, we define aH as shown in Eq. (11) in contrast to Refs. [58, 59].
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inflation, mΦ, m3/2 < H , otherwise the inflation mechanism is spoiled by the SUSY-breaking
effects. Thus, in this model, the high-scale inflation is compatible with the low-scale SUSY-
breaking. The AD field oscillates after the inflation at the time tosc ≃ m−1Φ ≃ m−13/2.
• Soft SUSY-breaking A-term
Next, we derive the soft SUSY-breaking A-term at the minimum. When the non-renormalizable
operator of the AD field is a function of the SUSY-breaking field X as shown in Eq. (65), the
soft A-term is calculated as [58, 59],
am ≃ −m−13/2FX∂X ln
(
λ+ λ
′′
X
)
≃ −m−13/2FX
λ
′′
λ
∼ λ
′′
λ
, (69)
which is the same order as Eq. (11) presented in Sec. 2.6 Since the vacuum expectation value
of FX is real, the phase of the soft A-term is determined by those of λ
′′
and λ. Thus, the
phase of the Hubble-induced A-term can be taken as the same with that of soft A-term when
arg(λ
′′
) = arg(λ′), i.e., arg(aH) = arg(am) in the notation of Sec. 2. By contrast, when λ is
independent of X , the one-loop anomaly mediation contributes to the soft A-term. However,
in our discussion, one can obtain the sizable baryon asymmetry even without the soft A-term.
• F -term of the AD field
Finally, we comment on the F -term of the AD field. From Eq. (65), the dominant F -term
of the AD field is written as
eKKΦΦ¯|WΦ|2 ≃ eK n|λ|
2|
Z
|Φ|2(n−1). (70)
Following the above procedure, we acquire the total scalar potential of the AD field as discussed
in Eq. (11). This potential is valid unless the SUSY-breaking scale is lower than the inflation
scale. By contrast, when the λ is zero, the F -term of the AD field is dominated by
eKKX1X¯1|WX1 |2 + eKKXX¯ |WX |2 ≃ eKn
( |λ′|2
Z1
+
|λ′′ |2
Z(1)
)
|Φ|2n + · · · , (71)
where the dot is the irrelevant part for its F -term.
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